This paper summarizes the formulation of two distinct methods for high-bandwidth nonlinear adaptive flight control of an unmanned helicopter testbed, and presents an evaluation and comparison of the two controllers in both simulation and flight test when subject to unmodeled dynamics, time delay, and actuator position and rate saturation. The attitude command system functions as an inner loop, and features a dynamic inversion control law augmented by an on-line neural network cast in an output feedback setting. The inverting control law is based on a simple linear model of the helicopter and its actuators at the hover condition. Both a direct and an observer-based method for output feedback design are evaluated. Pseudo control hedging is employed to prevent adaptation to input characteristics such actuator position and rate saturation.
Introduction
Small numbers of large high-altitude unmanned air vehicles have recently proven their military utility on the battlefield. Large numbers of small unmanned air vehicles, including micro air vehicles, promise to soon provide greatly enhanced situation awareness to the small unit or individual soldier. However, a high degree of autonomy will be required to realize the full potential of these small vehicles. In particular, they will often be required to navigate amongst the obstacles typical of an urban environment. The combination of their small size and mass, sensitivity to atmospheric turbulence and gusts, and a limited ability to "see" beyond the closest obstacles necessitates a high-bandwidth guidance and control solution. Evolving methods for neural network adaptive guidance and control make it possible to meet such requirements despite the presence of unmodeled dynamics in the bandwidth of the controller, and despite regular encounters with control position and rate limits. Adaptive methods can also reduce control system design dependence on high-fidelity modeling, and offer a means for rapid and affordable transition of developed control system technology from one platform variant to another. This This two-loop design procedure has proven very effective, but can lead to limitations of the overall bandwidth of the control system since it requires time-scale separation be maintained between the inner and outer loops. The effective bandwidth of the trajectory controller is further limited by the fact that until recently the adaptive process could not tolerant control position and rate saturation. Thus, the system commands and outer loop bandwidth had to be carefully managed to insure that time scale separation is maintained and, in order to obtain the benefits of adaptive control, that control saturation does not occur. One can suspend the adaptive process during saturation, but this largely negates the benefits of adaptation if the system is expected to routinely encounter saturation. It is of interest to overcome these restrictions, and to obtain the benefits of an adaptive attitude command system in a small unmanned rotorcraft that can exploit its full maneuvering capability during autonomous operations.
Note that a human pilot is able to anticipate and interact with high frequency dynamics and system delays in closing both the inner and outer loops in an integrated fashion, thus achieving a very high effective bandwidth. However, both classical and modern control design methods are fundamentally limited by the presence of unmodeled high frequency effects, as are traditional applications of adaptive control. This limits autopilot bandwidth, which in turn limits the maneuvering capability of the aircraft while under automatic control. However, recent extensions of neural network-based nonlinear adaptive control to include output feedback presents the opportunity to explicitly account for and adapt to unmodeled and potentially nonlinear dynamics.
Though adaptation can thus be used to overcome both parametric uncertainty and unmodeled dynamics, it is not able to tolerate the actuator position and rate saturation that naturally occurs at the edge of the maneuvering flight envelop. This problem feature is successfully addressed using a method known as pseudo control hedging 2,3 . In effect, the command filter is modified to prevent the adaptation law from "seeing" and adapting to input characteristics such as position and rate saturation. The combination of these two design improvements (i.e. output feedback and pseudo control hedging) to the original adaptive autopilot design presented in Reference 1 enables autonomous high-bandwidth adaptive operation all the way out to the limits of the aircraft's maneuvering envelop.
This paper begins with a brief overview of an outer-loop design for trajectory following.
It proceeds with a summary of two distinct high-bandwidth attitude command system designs (a direct approach and an observer-based method), the attitude commands being generated by the trajectory following control loops. In both cases, control saturation is managed using the method of pseudo control hedging. The designs are evaluated and compared in both high-fidelity simulation and in flight test. Real-time control system implementation issues specific to the unmanned helicopter testbed used for testing are also briefly discussed.
Adaptive Trajectory Following Controller
The relationship between the components of acceleration of the vehicle mass center and components of external forces acting on the vehicle can be expressed as
where X, Y and Z are the position components of the vehicle mass center in the earth-fixed, "North, East, Down" coordinate system, L Vb is the transformation matrix from body axes to earth-fixed axes, 
where the subscript c denotes commanded value. The left-hand side of Eq. (1) is replaced by the values of the pseudo-controls U 1 , U 2 and U 3 computed from Eqs. (2-4). This results in a set of algebraic equations which can be rearranged as (7) whereφ andθ are the required roll and pitch attitudes, respectively, and ψ c is the commanded yaw attitude.
In the above formulation we have inverted a nonlinear model of the plant to obtain the controls. If this model were an exact representation of the helicopter dynamics, the system would appear linear and time invariant for the purpose of control system design. Use of an approximate model of the plant for inversion leads to inversion error that can degrade performance or can be destabilizing. Traditionally, this has resulted in a requirement to develop a high fidelity model of the vehicle through a combination of analytic and numerical prediction tools, windtunnel evaluation of models and full scale test articles, and flight testing. In order to minimize the modeling effort required, and hence the cost of control system development, we seek to Commands for the horizontal components of position are fed into a second order command filter.
A simple proportional plus derivative controller is used to form the pseudo controls of equations (2) and (3). The inversion error, represented by delta, is canceled by the output of a single hidden layer neural network. Five sigmoidal activation functions are used in the hidden layer.
The values ofφ andθ computed using Eqs. (6) and (7) 
Determination of Collective Control
Taking the magnitude of both sides of Eq. (5) results in
where A is the specific aerodynamic force magnitude which can be measured using a three-axis accelerometer measurement unit.
With the assumption that the specific aerodynamic force magnitude is primarily affected by the collective control, a simple linear controller 5 has been proposed to satisfy Eq. (8). This approach was used in to generate main rotor collective pitch commands in the simulation results presented in Reference 5. However, a simple PID loop for tracking of altitude commands avoids complications associated with determining the algebraic sign of the magnitude of total sensed acceleration. The final paper will include further discussion of these issues.
Adaptive Attitude Command System
This section first presents a review of neural network adaptive control using state feedback. The requirement for output feedback is then introduced. The section proceeds with a summary of two alternate designs for the inner loop adaptive attitude command system that are to be compared in simulation and flight test. 3, 7, 8, 9 The interested reader is referred to the cited references for more background on the subject methods for design of output feedback controls, additional design details, derivation of the neural network update law in each case, and proof of boundedness.
State Feedback Formulation
Consider the use of neural networks (NNs) for adaptive control of nonlinear processes 
where δ is the control vector, comprised of independent control variables n δ δ , , 1 K . The number of control variables is assumed to be equal to the number of elements in x . The goal is to design the control loop depicted in Figure 2 such that x follows the command c x , using an approximate (perhaps highly inaccurate) model for the dynamics, denoted as fˆin Figure 2 . The design approach is based on the well known method of 'feedback inversion', in which the inverse of the plant dynamics is used to define the control vector, so that
where ν is commonly referred to as the 'pseudo-control'. Exact inversion permits the design of a fixed gain linear controller, which can provide accurate command tracking for a large envelope of operating conditions, without the need for gain scheduling. The purpose of the NN is to cancel the error due to inaccurate inversion, which is a consequence of the difference between used to monitor the plant. Moreover, the form of the dynamics in equation (9) implies that the regulated portion of the state vector, x in this case, satisfies the property of being 'full relative degree'. The relative degree of a regulated variable corresponds to the number of times that variable has to be differentiated before the control variable appears explicitly. In this case, it is apparent from the form of equation (9), that each element of x must be differentiated twice before its functional dependence on δ is explicit. Hence, the relative degree of every element of x is 2, and the vector relative degree of n x 2 = , where n is the number of elements in x . Since this equals the number of elements of the state vector, which is comprised of the vectors x and
x & , we say that x has full vector relative degree. Design of feedback inverting control systems that are not full vector relative degree is considerable more complex, particularly in the so-called 'output feedback' case.
An adaptive attitude command system was previously reported that employed this state feedback formulation 1 . An approximate linear model of the rotational dynamics of the helicopter was inverted at a nominal operating condition. Small helicopters typically employ a mechanical/aerodynamic system which we shall refer to as a control rotor to alter the system characteristics so that a human can better manage the piloting task. Although this mechanical feedback system can be a hindrance in the design of automatic flight controls, it is desirable to retain this feature on a testbed to allow for reasonable handling qualities during open loop flight operations. The state feedback design ignored both control rotor dynamics and actuator dynamics. Good performance was obtained in both simulation and flight test 1 , and clearly demonstrated the benefits of on-line adaptation. These benefits include: (1) nonlinear control design without the need for gain scheduling, (2) real time adaptation to uncertain nonlinear effects, (3) the ability to adapt to overcome parametric uncertainty. In this context, parametric uncertainty refers to the case in which a model describing the dynamics of a plant is erroneous due uncertain coefficients that appear in the dynamic equations. These uncertainties may be due to modeling error, or may come about when a failure occurs. This is different from uncertainty due to unmodeled dynamics, which corresponds to the situation in which the dimension of the plant model (2n in this case) is lower than the dimension of the actual plant dynamics. Flight test revealed that the controller bandwidth was limited by the unmodeled control rotor and actuator dynamics of the testbed helicopter, and time delays resulting from practical digital implementation of the control.
Output Feedback Formulation
Output feedback concerns the situation in which only a subset of the total state vector, or a function of the state vector, is available for feedback. Consider the nonlinear system ) ( 
This formulation is more general than the one presented in equation (9) in the following aspects:
a) The plant model may have lower dimension than the true plant, or in other words, the number of elements in the true plant state vector x may be greater than the number of elements in the state vector m x for the model of the plant dynamics. Thus the modeling error may be due to uncertain nonlinear effects, parametric uncertainty, and unmodeled dynamics.
b) The regulated output may not have full vector relative degree.
c) Only the regulated output y is available in the design of a feedback controller.
The extensions described in the following subsections pertain to the design of a neural networkbased adaptive controller for the case of output feedback, in which one or all of the above three conditions may be present.
Previous results in the area of adaptive output feedback control have several elements in common. They assume that the process dynamics are linear with respect the control
Such systems are referred to in the literature as 'afine'. They also place restrictions on the relative degree of the regulated output variables. These restrictions are directly related to the fact that these methods use adaptive observers. The role of the observer is to reconstruct the missing state information needed to implement the architecture derived for the case of full state feedback. The fundamental limitations in observer-based designs are that they apply only to systems that are full relative degree (relative degree = degree of the system), and whose regulated outputs are individually of relative degree 2 or less.
A Direct Output Feedback Approach
This subsection summarizes a recently developed output feedback control architecture that avoids the use of a state observer, and its application for attitude control of an unmanned helicopter. We refer to this as a direct output feedback approach. The controller architecture is depicted in Figure 3 . This approach is not restricted by the relative degree of the regulated output, and it applies to systems that are fully nonlinear with respect to both the states and the control. In particular, Reference 3 presents the detailed design of an adaptive attitude command system for the unmanned helicopter testbed in an output feedback setting. This formulation permits the design to incorporate knowledge of 1 st order actuator dynamics, and to adapt to control rotor dynamics and system time delays using only input/output sequences of the uncertain system. A generic block diagram of the attitude command system is presented in Figure 5 . 
SPR Filter Error Redefinition

Delayed Network Inputs
As detailed in Reference 3, the attitude command is fed into a third order command filter.
The output of a simple proportional plus derivative controller is combined with the neural network output and a linear combination of command rate, acceleration and jerk to produce the desired pseudo control. A single hidden layer neural network is employed as in the outer loops, but operates on a redefined error signal that includes the filtered network output 3 . The network inputs now also include delayed values, as required by the output feedback formulation 3 . A simple model of the helicopter rotational dynamics and a first order actuator model are inverted to obtain the main rotor longitudinal cyclic, main rotor lateral cyclic, and tail rotor collective swashplate commands, which are converted by the control effector manager into required actuator commands. Finally, a hedge estimator, as described in a later section, is used to alter the command filter output.
Output Feedback by Observing the Tracking Error Dynamics
This subsection summarizes an alternate architecture that falls between the Direct Approach summarized in the preceding section, and other existing approaches that rely on the use of a state observer. We refer to this approach as Observing the Tracking Error Dyanmics. The role of the observer within this setting is to construct an error vector, ê , whose elements consist of estimates of the tracking error, e, and its time derivatives up to and including the (r-1) time derivative, where r is the relative degree of regulated output, y(t). The controller architecture is depicted in Figure 6 . Similar to the Direct Approach of the preceding section, this approach is not restricted by the relative degree of the regulated output, and it applies to systems that are fully nonlinear with respect to both the states and the control (non-afine systems). The overall architecture is very similar to that depicted in Figure 3 for the Direct Approach, with the exception that error signal is generated using a linear observer for the tracking error dynamics. 
Pseudo Control Hedging
Essential to the design of the high bandwidth attitude command system using either method 
Unmanned Helicopter Research Facilities
A facility for simulating and flight testing advanced adaptive control algorithms on unmanned helicopters has been evolved jointly by the Georgia Institute of Technology and Guided Systems Technologies, Inc (GST).
Unmanned Helicopter Research Testbed
The current generation testbed is based on the airframe of the Yamaha Model R50 production unmanned helicopter 10 . It features a roughly ten foot diameter rotor driven by a twelve horsepower liquid cooled engine, and has an approximate useful payload of fourty-four pounds. The helicopter has been outfitted with a general purpose aluminum enclosure between the landing gear that houses the experimental control system avionics and is pictured in Figure 8 . The flight vehicle is supported by a PC-based ground station. Communication between the flight control and ground station computers is maintained using a two-way digital radio link.
This link is used to transmit GPS differential corrections, operator commands, and various control system configuration parameters to the vehicle, and to obtain from the vehicle data on system operation during flight. A safety pilot is employed at all times. The safety pilot is outfitted with an independent hand-held radio transmitter. With the flip of a switch, he can bypass the flight control computer and pilot the helicopter directly by line of sight 10 .
Flight Control System Implementation
The control system formulation presented in the previous sections has been coded in the C programming language. It runs in real-time in double precision with a nominal update rate of 100
Hertz on a 200 MHz Pentium-based single board computer. Select components of the attitude command system (the neural network update laws, the filters at the inputs to the neural networks and the actuator dynamic models used for hedging) are updated at 200 Hz. The computer employs a custom real-time operating system. The sensor suite consists of a tactical-grade GPSaided inertial navigation solution, augmented with a 3-axis magnetometer for heading initialization and ultrasonic ranging for precision geometric altitude measurement during take-off and landing 10 . Response of the actuators is presently simulated, not measured. In this form, the utility of the real-time simulation is primarily software test and validation. All of the numerical results presented in the next section were generated on the flight system hardware using the software that has been prepared for flight evaluation. All results include actuator, rotor and sensor models, noise, system time delays, and gust inputs. The natural frequency is prescribed at 10 rad/sec for each of the rotational axes, and, unless noted otherwise, at 1 rad/sec for the translation axes.
Real-Time Hardware-in-the-Loop Simulation
Numerical Simulation Results
Error Observer Approach
To illustrate that the approach is applicable to systems with both parametric uncertainty and unmodeled dynamics, we consider the design of a high bandwidth pitch-attitude tracking control system for a linearized representation of an R-50 experimental helicopter. The implementation block diagram is given in Figure 9 . 
where u is the body axis forward velocity, q the body pitch rate, θ the pitch angle, β the control rotor longitudinal flapping angle, w the body axis vertical velocity, δ the longitudinal cyclic input, and y the measurements. The control objective is regulation and tracking of commanded pitch attitude. We assume that the actuator responds to the commanded input according to a first order dynamics: 
Flight Test Results
Flight testing of the two output feedback designs (i.e. the direct approach and the error observer approach) is currently on-going. Figure 12 presents a sample time history of the pitch channel response to pitch attitude commands generated by real-time telemetry display software.
The final paper will employ traditional engineering graphs of flight test results with clearly labeled axes and data traces on a standard white background. The data labels across the top of the plot in Figure 12 should be ignored as they are at present incorrect. The red trace is the pitch attitude
Command --------Repsponse ______ command, the white trace is the pitch attitude response, and the orange trace is the pseudo control hedge signal. The neural network is active, and pseudo control hedging of actuator dynamics, actuator position and rate saturation, system time delays, and command quantization are included. The design bandwidth is set at 4.7 radians per second. The outer loop for trajectory following is not engaged, instead sinusoidal type attitude commands are being generated directly by a remote pilot. As evident from the figure, reasonably good tracking of the commands is accomplished for the current neural network and inverting control system parameter settings. The final paper will present final flight test results for both the error-observer and the direct output feedback designs, including plots of the corresponding adaptation signals and neural network weight histories in each of the control channels. Final comparisons will be carried out after fine tuning of the control system parameters in flight using computer generated step commands. Comparisons will also be made to results generated in nonlinear simulation, and will include cases with and without the neural network inputs, as well as variation in the content of the hedge signal (e.g. with and without hedging of the actuator dynamics in concert with hedging of the control limits). 
Summary and Conclusions
Design of a helicopter control system for trajectory following using a combination of feedback linearization and either of two neural network-based techniques for adaptive output feedback was summarized. The designs exploit the natural time scale separation that exists between the helicopter's translational and rotational dynamics. Hardware and software implementation of the controllers on an unmanned helicopter testbed was discussed. Simulation results were presented to illustrate each control system's performance under realistic conditions that include modeling errors, digital implementation effects and time delays, unmodeled dynamics, sensor noise, bias and latencies, gusts, and a variety of control system limits. Flight test results were presented to validate the performance of each design. In either case, the adaptive technique provides a stable full-envelop design with good command following without a requirement for gain scheduling and using only a simple approximate linear model of the helicopter in hover. In particular, the bandwidth limitations of previous generation adaptive designs have been overcome by combining an output feedback formulation with pseudo control hedging. The final paper will present the simulation results in full, the final flight test results, and include direct comparison of the two methods for output feedback design. Based on this comparison and the flight test experience, the final paper will draw conclusions as to the relative benefits of the two design methods.
